Chronic pain represents a frequent and poorly understood public health issue. Numerous studies have documented the key significance of plastic changes along the somatosensory pain pathways in chronic pain states. Our recent study demonstrated that the cGMP-dependent protein kinase I (PKG-I) specifically localized in nociceptors constitutes a key mediator of hyperexcitability of primary sensory neurons and spinal synaptic plasticity after inflammation. However, whether PKG-I in nociceptors further affects the cortical plasticity in the ascending pain pathways under pathological states has remained elusive. The immediate-early gene c-fos and phosphorylated ERK1/2 (pERK1/2) are considered reliable indicators for the neuronal activation status and it permits a comprehensive and large-scale observation of nociceptive neuronal activity along the ascending pain pathways subjected to tissue injury. In the present study, we systemically demonstrated that peripheral injury in PKG-I fl/fl mice produced a significant upregulation of c-Fos or pERK1/2 over from the periphery to the cortex along the pain pathways, including dorsal root ganglion, spinal dorsal horn, ventral posterolateral thalamus, primary somatosensory hindlimb cortex, anterior cingulate cortex, basolateral amygdala, periaqueductal gray, and parabrachial nucleus. In contrast, very few cells in the above regions showed c-Fos or pERK1/2 induction in nociceptor-specific knockout mice lacking PKG-I (SNS-PKG-I À/À mice). Our results indicate that PKG-I expressed in nociceptors is not only a key determinant of dorsal root ganglion hyperexcitability and spinal synaptic plasticity but also an important modulator of cortical neuronal activity in pathological pain states and represent what we believe to be novel targets in the periphery for pain therapeutics.
Background
Chronic pain represents a frequent and poorly understood public health issue all over the world and is caused by nerve or tissue injury under different disease conditions. Integrative research approaches have consistently suggested that chronic pain produces long-term plastic changes along the ascending somatosensory pain pathways. Plastic changes not only take place in peripheral nociceptors (peripheral sensitization) but also in the spinal and supraspinal areas (central sensitization) that are involved in the processing of painful information. [1] [2] [3] [4] Thus, treating chronic pain requires better understanding of the mechanisms of plastic changes in the somatosensory pathways.
Numerous studies have documented the key significance of spinal NMDA receptor-NO-cGMP pathway in the synaptic plasticity and chronic pain states. [5] [6] [7] [8] NMDA receptor activation leads to the production of the diffusible gas NO via activation of diverse NO synthases (NOS isoforms), which in turn, stimulates soluble guanylyl cyclases to produce cGMP. Studies on several different biological systems have shown that cGMP regulates multiple cellular targets, including diverse cGMPgated ion channels, such as cyclic nucleotide-gated and hyperpolarization-activated cyclic nucleotide-gated (HCN) channels, the cGMP-dependent protein kinases, PKG-I/cGK-I and PKG-II/cGK-II, as well as diverse phosphodiesterases. 9, 10 However, the precise locus and downstream targets of cGMP in the spinal nociceptive system has remained elusive. Among these targets, PKG-I has been reported to be highly expressed in the primary sensory neurons in the dorsal root ganglia (DRG). 11, 12 Previous studies have shown that cGMP concentration and PKG-I expression in the DRG is strongly upregulated after injury or inflammation. 13 Increased PKG-I activity is required to maintain long-term hyperexcitability in sensory neurons in Aplysia 14 and rodents 15, 16 under pathological states. Because PKG-I is also expressed in Schwann cells in the DRG, 17 the use of pharmacological agents above does not fully permit the dissection of PKG-I contribution at different loci in the modulation of pain in vivo. We reasoned that conditional, region-specific gene deletion at particular loci in the somatosensory pain pathway might constitute the most unambiguous approach towards clarifying the functional relevance of the cGMP-PKG-I pathway in modulation of pain. By using the Cre-loxP system, we generated transgenic mice that selectively lack PKG-I in nociceptors (SNS-PKG-I À/À mice), the peripheral arm of the somatosensory pain pathway, preserving expression in the spinal neurons, brain, and all other organs. Unlike the global PKG-I mutant mice with serious developmental deficits and early post-natal lethality, 18 conditional transgenic mice lacking PKG-I specifically in nociceptors are viable and with normal development. Our recent study demonstrated by electrophysiological recordings that PKG-I localized in nociceptors constitutes a key mediator of hyperexcitability of primary sensory neurons and spinal synaptic plasticity after injury or inflammation. 3, 19 However, it has remained elusive how peripheral excitability and spinal potentiation affect cortical neuronal activity in different brain regions that are involved in the pain processing and whether PKG-I in nociceptors mediates this action.
Furthermore, although electrophysiological recording technique can identify electrophysiological properties of neurons involved in PKG-I mediated changes, the spatial and temporal involvement of neuronal activity in the somatosensory pain pathways is difficult to be evaluated and the number of neurons is also limited by using this technique. To get further understanding about the populations of neurons in the somatosensory pain pathways involved in PKG-I-mediated pain hypersensitivity, it is necessary and important to assess populated neuronal activity by a functional marker. It has been well established that proto-oncogene immediate-early gene c-fos and its product c-Fos protein is a very useful marker for monitoring neuronal activity in the central pathways of sensory system temporally and spatially. 20,21 c-Fos proteins and phosphorylation of ERK1/2 (extracellular receptor-activated MAP Kinases 1/2) (pERK1/2) can be stably activated by a variety of noxious stimuli such as mechanical, thermal, and chemical modalities. 22, 23 Such activation can be inhibited or blocked by analgesics for the treatment of chronic pain. 21 It is believed that these activity-activated immediate-early genes may contribute to long-term plastic changes in the somatosensory pathways, and thus contribute to behavioral sensitization. So far as we know, whether or to what extent PKG-I in nociceptors affect the populated neuronal activity within neighboring and distant regions in the somatosensory pain pathways after injury or inflammation is still unclear. To address this question, in the present study, we studied induction of c-Fos in the somatosensory pain pathways following various irritants challenge, i.e., hindlimb formalin and capsaicin injection as well as muscular acidic saline injection in PKG-I fl/fl and SNS-PKG-I À/À mice. We demonstrated that irritants-challenged PKG-I fl/fl mice showed robust c-Fos or pERK1/2 induction in the DRG and spinal dorsal horn, which is significantly reduced in SNS-PKG-I À/À mice. This is consistent with our previous study showing the crucial role of PKG-I in DRG hyperexcitability and spinal synaptic plasticity. More importantly, specific deletion of PKG-I inhibited the upregulation of c-Fos in the brain regions that are involved in the sensory-discriminative and aversive components of pain, i.e., the ventral posterolateral nucleus of the thalamus (VPL), the primary somatosensory hindlimb cortex (S1HL), the anterior cingulate cortex (ACC), prefrontal cortex (PFC), basolateral amygdala, insular cortex, periaquaductal gray (PAG), and parabrachial nucleus (PBN). Behavioral surveys demonstrated that PKG-I activation in nociceptors is functionally associated with pain hypersensitivity associated with peripheral injury in vivo. Taken together, our results indicate that PKG-I expressed in nociceptors is not only a key determinant of DRG hyperexcitability and spinal synaptic plasticity but also an important modulator of cortical neuronal activity observed in pathological pain states. This study presents a strong basis for the PKG-I as a new class of targets in the periphery for pain therapeutics.
Methods

Genetically modified mice
Homozygous mice carrying the floxed allele of the mouse prkg1 gene, which encodes the cGMP-dependent kinase 1 (PKG-I fl/fl ) have been described previously in details. 24 PKG-I fl/fl mice were crossed with SNS-Cre mice, 25 which express the Cre recombinase under the influence of the mouse Scn10a promoter (encoding Nav1.8) to obtain litters consisting of PKG-I fl/fl ; SNS-Creþ mice (referred to as SNS-PKG-I À/À mice in this manuscript) and PKG-I fl/ fl mice (control littermates). Mice of all genotypes were individually backcrossed into the C57BL6 background for more than eight generations before being crossed with each other. In all experiments, littermates were strictly used to control for genetic effects of the background.
Behavioral analysis
All animal use procedures were approved by the Institutional Animal Use and Protection Committee, Fourth Military Medical University. All the testing was carried out in accordance with the approved guidelines. All behavioral measurements were done in awake, unrestrained, and age-matched adult (more than three-month-old) mice of both sexes by individuals who were blinded to the genotype of the mice being analyzed. The animals were housed in plastic boxes at 22 C-26 C with food and water available ad libitum in the colony room. A 12:12 h light dark cycle with lights on at 08:00 was maintained and testing was done between 09:00 and 18:30. Mice were acclimatized to the laboratory and habituated to the experimental setups for at least 30 min each day for five days before testing.
Spontaneous pain observation induced by s.c. formalin injection.
A transparent plexiglas test box with a transparent glass floor was placed on a supporting frame of 30 cm high above the experimental table to allow the experimenters to observe the paws of the animals without obstruction. Mice were placed in the test box for at least 30 min for acclimation before administration of the chemical agents. After the acclimation period, s.c. injection of formalin (1%, 20 ml) was made into the center of the plantar surface of one hindpaw of PKG-I fl/fl and SNS-PKG-I À/À mice. Mice were then replaced in the test box, and spontaneous pain response was recorded for a period of 1-2 h. The spontaneous nociceptive behavior was determined by measuring the duration mice spent in flinching, lifting, and licking the injected hindpaw during 5 min intervals following injection. 19, 26 Examination of mechanical hypersensitivity induced by lower thigh injection of capsaicin. Mice were injected with 10 ml of capsaicin (0.06 %) into the lower thigh of one leg. Capsaicin-induced flare reached up to the ankle, but not the plantar hindpaw surface. Mechanical hyperalgesia and allodynia were tested with manual application of Von Frey hairs with bending force ranging from 0.04 to 4.0 g to the plantar surface of the hindpaw at various time points after capsaicin injection. Mice were placed on a metal mesh floor covered with a plexiglas chamber and von Frey filaments were applied from underneath the metal mesh floor to the testing site of the hindpaw. A ''response'' to the von Frey stimuli was defined as an abrupt foot lift upon application of the von Frey filament. Each filament was applied 10 times and the paw withdrawal response frequency (the percentage of positive responses to the stimulus) was recorded. The force of a particular filament required to elicit 50% frequency of paw withdrawal was expressed as the mechanical threshold.
Induction of muscle pain and examination of mechanical hypersensitivity. Mice were injected twice with 20 ml of acidic saline, pH 4, into one gastrocnemius muscle two times at an interval of three days. Plantar application of von Frey hairs to the plantar surface of bilateral hindpaws was performed to test mechanical hyperalgesia and allodynia at 24 h through three weeks after the second injection. 27 The response frequency and threshold to mechanical stimuli at each point were averaged from 10 mechanical stimuli applied.
Measurement of c-Fos expression and ERK1/2 phosphorylation in the DRG and spinal cord and brain in vivo
Mice in various treatment groups were subjected to hindlimb injection with formalin (1%, 20 ml), capsaicin (0.06%, 20 ml), and muscular injection of acidic saline (pH 4.0, 20 ml), killed and perfused transcardially with 4% paraformaldehyde at 1 h after formalin and capsaicin, and 24 h after second acidic saline injection. The DRG, spinal cord, and brain were removed, trimmed into several blocks, and postfixed in the same fixative for 48 h, and then cryoprotected in 0.1 M PB containing 30% sucrose until the tissue block sank onto the bottom of the container. Vibratome sections (50 mm) of the spinal cord and brain or Cyrostat-sections (16 mm) of the L4/L5 DRG were immunostained with anti-Fos antibody (Chemicon, 1:8000) or anti-phospho-ERK1/2 antibody (Cell signaling, 1:200). Immunoreactive cells in laminae I and II of the spinal dorsal horn and different brain regions were microscopically counted in five to six sections per mouse from four mice per treatment group. Similarly, the number of immunoreactive neurons per DRG section was counted and numbers were averaged over 10 sections per mouse and four mice per treatment group.
The sections were immunostained for c-Fos protein with the avidin-biotin-peroxidase complex (ABC) methods. The sections of DRG, spinal cord, and brain were rinsed twice in 0.01 M PBS and then incubated with a solution containing 2.5% Triton X-100 and 3% bovine serum albumin for 30 min at room temperature (22 C-25 C). The sections were further incubated with a polyclonal antibody raised in rabbit against c-fos and phospho-ERK1/2 for 24 h at 4 C and then incubated with biotinylated goat anti-rabbit IgG (Vector, 1:200) and ABC complex (Vector, 1:200). The reaction product was visualized with 0.01% hydrogen peroxide and 0.05% diaminobenzidine in 0.05 M Tris-HCl buffer (pH 7.6) or AEC. Between incubations, the sections were rinsed three times in 0.01 M PBS, each for 10 min. There was no positive staining when PBS or normal rabbit serum was used instead of the antibody. The sections were then mounted on slides, dried, dehydrated, cleared, and coverslipped.
Western blotting
DRGs, spinal cords, and brains were collected and homogenised in ice-cold lysis buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.5% Sodium deoxycholate, 0.1% SDS, and standard protease inhibitors. Insoluble material was removed by centrifugation (13,000 r/min Â 10 min) and supernatant were collected. Protein concentration for each sample was determined by the bicinchoninic acid method using the MICRO bicinchoninic acid protein assay kit (Pierce). Proteins were loaded on a polyacrylamide gel and separated by electrophoresis. The membrane blots were blocked with 10% non-fat dry milk for 12 h and incubated with primary antibodies: anti-PKG-I (1:100) overnight at 4 C. The membranes were then incubated with horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (1:10000, Amersham Biosciences) for 2 h at room temperature. To normalize the loaded samples, mouse monoclonal anti-tubulin antibody (1:5000; GE Healthcare) was used, followed by incubation with HRP-conjugated goat anti-mouse IgG (1:5000; Pierce). Membranes were incubated with enhanced chemiluminescence reagents (Pierce), and images of the membrane were acquired with the CHEMIL-MAGER chemiluminescence imaging system and analyzed with Image J software. The density of the band of interest was measured and normalized to the density of the band of tubulin.
Statistical analysis
All results are presented as mean AE SEM. Analysis of variance for random measures was carried out, followed by post hoc Fisher's test or Dunnett's test to determine statistically significant differences for all data. P < 0.05 was considered to be significant.
Results
Conditional, nociceptor-specific deletion of PKG-I in mice
We generated mice lacking PKG-I specifically in a primary nociceptor-specific manner (SNS-PKG-I À/À ) via Cre/loxP-mediated recombination by mating mice carrying the floxed prkg1 allele (PKG-I fl/fl ) with a mouse line expressing Cre recombinase under control of the Na v 1.8 promoter (SNS-Cre) 24, 25 (Figure 1(a) ). Previous studies by Agarwal et al. 25, 28 have demonstrated that SNS-Cre mice enable gene recombination commencing at birth selectively in nociceptive (Na v 1.8-expressing) sensory neurons, without affecting gene expression in the spinal cord, brain, or any other organs in the body. Thus, SNS-PKG-I À/À mice would show a selective deletion of PKG-I in nociceptive DRG neurons in ascending pain pathways without any change of PKG-I in other regions (Figure 1(b) ). As shown in Figure 2 (a), an anti-PKG-I antibody yielded specific and intense staining in the peripheral and central nervous system including DRG, spinal cord, hippocampus, and cerebellum in PKG-I fl/fl mice (Figure 2(a) ). Immunohistochemical staining revealed that a majority of DRG neurons expressing PKG-I in PKG-I fl/fl mice are small to medium-diameter neurons, which was completely devoid of PKG-I expression in SNS-PKG-I À/À mice (Figure 2 (a), panels in the left column). In the spinal cord, anti-PKG-I immunoreactivity was strongly seen in the superficial dorsal laminae of PKG-I fl/fl mice, which represent the major termination zones of the nociceptive primary afferents. In contrast, the intensity of PKG-I immunoreactivity was markedly decreased in the superficial laminae of spinal cord in SNS-PKG-I À/À mice. PKG-I expression in spinal cord neurons leaved intact and appeared particularly conspicuous due to the loss of PKG-I labeling in afferent terminals in SNS-PKG-I À/À mice (Figure 2 (a), panels in the second column). Anti-PKG-I immunoreactivity is entirely unaltered in the brains of SNS-PKG-I À/À mice, with examples of expression in the hippocampus and cerebellum shown in the right two panels in Figure 2 (a). Furthermore, Western blot analysis with anti-PKG-I antibody confirmed that SNS-PKG-I À/À mice show a DRG-specific loss of PKG-I while retaining expression in the brain (Figure 2(b) ). Taken together, SNS-PKG-I À/À mice exhibit a nociceptor-specific loss of PKG-I while retaining expression in neurons of the central nervous system.
Reduced spontaneous pain behaviors induced by formalin after deletion of PKG-I in nociceptors
Intraplantar injection of formalin induced a biphasic spontaneous nocifensive response in PKG-I fl/fl mice, which includes an initial robust phase in which paw lifting, licking, and flinching are scored during the first 10 min, followed by a transient decline in these behaviors and a subsequent second phase of behavior lasting 30-60 min (Figure 3(a) ). Analysis of the duration of the mice spent on flinching, lifting, and licking behavior revealed that SNS-PKG-I À/À mice showed a significant reduction of formalin-induced spontaneous pain responses in both phases as compared to PKG-I fl/fl mice (Figure 3 Reduced c-Fos and pERK1/2 induction in the DRG and spinal cord after formalin injection in SNS-PKG-I À/À mice Previous studies have proposed that phase I of formalin response results from direct activation of primary afferent sensory neurons, whereas phase II reflects the combined effects of afferent input and central sensitization in the spinal dorsal horn. [29] [30] [31] We further addressed whether PKG-I in nociceptors affects excitability of DRG neurons and its neighboring spinal dorsal horn neurons. As c-Fos is not well expressed in the DRG, 32 we studied induction of pERK1/2, an alternate neuronal activity marker, 23 following formalin injection in PKG-I fl/fl and SNS-PKG-I À/À mice. As shown in Figure 3 (c), formalin-injected PKG-I fl/fl mice showed marked pERK1/2 induction in the DRG. In contrast, the number of neurons expressing pERK1/2 was markedly reduced in the DRG of SNS-PKG-I À/À mice (see Reduced hyperalgesia and allodynia induced by lower thigh injection of capsaicin and muscular acidic saline injection in SNS-PKG-I À/À mice We next examined whether peripherally localized PKG-I plays a key role in the secondary hyperalgesia and allodynia under pathological states, which reflects central amplification processes. To address this question, we take two pain models induced by subcutaneous (s.c.) lower thigh injection of capsaicin and muscular injection of acidic saline. Development of capsaicin-induced secondary hyperalgesia and allodynia was assessed in the hindpaw plantar surface at 20-40 min following unilateral injection of capsaicin in the skin of the lower thigh. The plantar surface was outside the area of capsaicininduced flare. Upon capsaicin injection, PKG-I fl/fl mice demonstrated the characteristic leftward and upward shift in the stimulus-response curve over basal curves, reflecting allodynia (measured here as responses to 0.04-0.6 g force, which are non-noxious in wild-type mice) as well as mechanical hyperalgesia (measured here as responses to 1.0-4.0 g force, which elicit withdrawal behavior in wild-type mice) (black squares in Figure 4 (a) to (c)). In striking contrast to PKG-I fl/fl mice, SNS-PKG-I À/À mice demonstrated very little deviation from baseline behavior upon capsaicin injection (red circles in Figure 4 (a) to (c)). Furthermore, the relative drop in response thresholds to von Frey hairs (defined here as minimum force required to elicit 50% response frequency) in the inflamed state over basal (precapsaicin) state was markedly attenuated in SNS-PKG-I À/À mice as compared to PKG-I fl/fl mice (Figure 4(d) , n ¼ 10-12 mice, P < 0.05).
Similarly, following two intramuscular injections of acidic saline three days apart, PKG-I fl/fl mice produced a dramatic, long-lasting mechanical hyperalgesia and Reduced c-Fos and pERK1/2 induction in the DRG and spinal cord after capsaicin and acidic saline injection in SNS-PKG-I À/À mice DRG. We further addressed whether PKG-I in nociceptors affects excitability of DRG neurons and its neighboring spinal dorsal horn neurons in hindlimb capsaicin and muscle pain models. As shown in Figure 5(a) , capsaicin-treated PKG-I fl/fl mice displayed pronounced pERK1/2 induction in the DRG. In striking contrast, very less pERK1/2 was induced in the DRG of mice lacking PKG-I in nociceptors (see Figure 5 Spinal cord. In PKG-I fl/fl mice, dense Fos-immunoreactive neurons were seen in medial half of superficial (laminae I-II) and deep (laminae V-VI) layers of ipsilateral spinal dorsal horn to the capsaicin injection side (typical examples are shown in Figure 5 (b) and cell counts are shown in Figure 6 (b) and (c)). In contrast, very few cells in the above regions showed c-Fos induction in capsaicin-injected SNS-PKG-I À/À mice ( Figure 5(b) ). Analysis of the number of c-Fos positive cells in both superficial and deep lamina revealed that there was significant difference between two genotypes (Figure 6 
Reduced c-Fos induction in the supraspinal regions along ascending pain pathways after capsaicin and acidic saline injection in SNS-PKG-I À/À mice
It is well accepted that the development and maintenance of the secondary hyperalgesia and allodynia in the hindpaws induced by s.c. lower thigh capsaicin injection and intramuscular acidic saline injection is associated with the changes in the central nervous system (CNS). 27, 33 We were therefore interested to know whether neuronal activity in the central regions in the somatosensory pain pathways mirrored the capsaicin and acid-induced secondary hyperalgesia and allodynia and whether PKG-I in nociceptors affects the neuronal activity in the ascending pain pathways. For this purpose, we studied induction of c-Fos in the central regions following capsaicin injection and acidic saline injection in PKG-I fl/fl and SNS-PKG-I À/À mice.
Reduced c-Fos expression in the regions responsible for sensorydiscriminative components of pain in SNS-PKG-I À/À mice. The superficial and deep dorsal horn of the spinal cord receives a major input from nociceptive primary afferents. The spinothalamic tract is an important ascending pathway, providing direct spinal input to the thalamus, from which information is transmitted to primary somatosensory cortical areas that underlie the sensory-discriminative components of pain perception. We then examined the profile of c-Fos expression induced by capsaicin injection and acidic saline injection in the thalamus, primary and secondary somatosensory cortex, and whether PKG-I in nociceptors exerts any effect on the above c-Fos expression.
Thalamus. Following either capsaicin or acidic saline injection, the VPL of the thalamus showed an increased level of c-Fos expression in PKG-I fl/fl mice as compared to control group (Figure 7(a) , upper panels). In striking contrast, c-Fos expression was absent in SNS-PKG-I À/À mice by the same noxious stimulation (Figure 7(a) , lower panels). Quantitative analysis of c-Fos expression in the VPL was shown in Figure 7(b) . In addition, in the midline thalamus, paraventricular nucleus also showed massive c-Fos induction in PKG-I fl/fl mice, which was profoundly reduced in SNS-PKG-I À/À mice ( Supplementary Figure 1) . Somatosensory cortex. The somatosensory cortex is important for the localization of pain. Massive c-Fos positive cells were seen in the topographic hindlimb regions of S1HL in capsaicin-treated PKG-I fl/fl mice as compared to vehicle-treated group (Figure 7(c) ). In comparison with PKG-I fl/fl littermates, SNS-PKG-I À/À mice showed a much lowered level of c-Fos expression after capsaicin injection (Figure 7(c) ). Quantitative analysis of the number of c-Fos positive cells revealed a significant difference between two genotypes (Figure 7(d) , P < 0.05, n ¼ 4 mice per group). Similar results were obtained by assessing c-Fos expression from PKG-I fl/fl and SNS-PKG-I À/À mice upon intramuscular injection of acidic saline (Figure 7(c) and (d) ). In addition, the secondary somatosensory cortex (SII) has been shown to be important for the sensory-discriminative dimension of pain as well. 34 We observed that SII showed massive c-Fos induction in either capsaicin or muscle pain model in PKG-I fl/fl mice ( Supplementary Figure 2(a) ). However, deletion of PKG-I in nociceptors did not alter c-Fos expression in SII region in both pain models ( Supplementary Figure 2(a) and (b) ). Reduced c-Fos expression in the regions responsible for aversive components of pain in SNS-PKG-I À/À mice. Evidence from anatomical, behavioral, and physiological experiments has shown that apart from the spinothalamic tract, a large brain region can also be activated by pain experience, such as ACC, amygdala, PFC, insula, and subcortical areas, e.g., PAG, parabrachial nucleus (PB) which may subserve the information relating to the aversive components of pain. We are therefore interested to know the profile of c-Fos expression induced by capsaicin injection and acidic saline injection in the ACC, amygdala, PFC, insula, PAG, and PB and whether PKG-I in nociceptors exerts any effect on the above c-Fos expression.
Anterior cingulate cortex. ACC is an important limbic structure which involves the processing of aversive components of pain. 4, 35, 36 As shown in Figure 8 , when compared to vehicle group, capsaicin injection evoked a robust increase of c-Fos immunoreactivity in the contralateral ACC derived from PKG-I fl/fl mice (Figure 8(a) , upper panels). Similar c-Fos expression profile was seen after intramuscular injection of acidic saline in PKG-I fl/fl mice (Figure 8(a) , upper panels). In striking contrast, either capsaicin or acidic saline injection produced a much less c-Fos expression in the ACC derived from SNS-PKG-I À/À mice (Figure 8(a) , lower panels, P < 0.05, n ¼ 4 mice per group). Quantitative analysis was represented in Figure 9 (a).
Prefrontal cortex. Existing knowledge identifies the PFC as the modulatory area for pain. 37 In PKG-I fl/fl mice, massive c-Fos expression is seen in the prefrontal cortex after either capsaicin injection or acidic saline injection over basal state ( Supplementary Figure 3(a) , upper panels). In striking contrast, very less c-Fos immunoreactive cells was observed in SNS-PKG-I À/À mice after capsaicin or acidic saline injection ( Supplementary Figure 3(a) , lower panels). There was significant difference in c-Fos expression between two genotypes ( Supplementary Figure 3(b) , P < 0.05).
Amygdala. Accumulating evidence indicates that the amygdala is a key structure in the central mechanisms of nociception. 38 In PKG-I fl/fl mice, c-Fos expression is profoundly increased in the amygdala following either capsaicin injection or acidic saline injection over basal state (Figure 8(b) , upper panels). As compared to the PKG-I fl/fl littermates, SNS-PKG-I À/À mice showed very less c-Fos positive cells in the amygdala after capsaicin or acidic saline injection (Figure 8(b) , lower panels). The difference of c-Fos expression between PKG-I fl/fl and SNS-PKG-I À/À mice was significant (Figure 9(b) , P < 0.05).
Insular cortex. Evidence from experimental studies in animals and brain imaging studies in human subjects consistently indicated that the insular cortex is prominently activated in acute and chronic pain states. 39, 40 Unilateral hindlimb injection of capsaicin induced dramatic c-Fos induction in the posterior insular cortex in PKG-I fl/fl mice, as compared to vehicle-injected group ( Supplementary Figure 3(c) , upper panels). In contrast, very sparse c-Fos expression can be seen in the posterior insular cortex in mice specifically lacking PKG-I in nociceptors ( Supplementary Figure 3(c) , lower panels). Quantitative analysis revealed a significant difference in c-Fos expression induced by capsaicin injection between two genotypes ( Supplementary Figure 3(d) , P < 0.05). Similar results were obtained for intramuscular injection of acidic saline ( Supplementary Figure 3 Periaquductal gray. The PAG may well be involved in the pain process not only through the descending modulation of nociceptive afferent information but also by its ascending projections to the pain processing centers of the thalamus. 41 In PKG-I fl/fl mice, c-Fos expression is profoundly increased in the PAG following either capsaicin injection or intramuscular acidic saline injection over basal state (Figure 8(c) , upper panels). As compared to the PKG-I fl/fl littermates, SNS-PKG-I À/À mice showed very less c-Fos positive cells in the PAG after capsaicin or acidic saline injection (Figure 8(c) , lower panels). The difference of c-Fos expression between PKG-I fl/fl and SNS-PKG-I À/ À mice was significant (Figure 9 (c), P < 0.05).
Parabrachial nucleus. As the relay station of sensory information, the PBN is thought to be the critical sites for central perception, integration, and transmission of sensory information especially nociceptive information. [42] [43] [44] In the present study, we observed massive c-Fos expression in the lateral PBN in PKG-I fl/fl mice following hindlimb capsaicin injection or intramuscular acidic saline injection ( Supplementary Figure 4(a) , left panels). In striking contrast, the expression level of c-Fos was much lowered in either capsaicin or muscle pain model after deletion of PKG-I in nociceptors ( Supplementary  Figure 4(a) , right panels). Quantitative summary revealed an obvious difference in c-Fos expression between two genotypes ( Supplementary Figure 4(b) , P < 0.05, n ¼ 4 mice).
Discussion
Clinical pain associated with tissue damage or nerve injury is characterized by persistent pain hypersensitivity. This includes spontaneous pain (pain experienced in the absence of any obvious peripheral stimulus), hyperalgesia (an increased responsiveness to noxious stimuli), and allodynia (pain in response to normally innocuous stimuli). The cellular and molecular mechanism underlying spontaneous pain and hyperalgesia as well as allodynia is not well understood. The present study unravels a peripheral target, PKG-I localized in primary afferent nociceptors, which mediates spontaneous pain and hyperalgesia as well as allodynia associated with peripheral injury. Furthermore, this PKG-I-mediated pain hypersensitivity is mediated by its modulation of the nociceptive plasticity from the periphery to the cortex along the ascending pain pathways.
PKG-I localized in nociceptors facilitates spontaneous pain and hyperalgesia as well as allodynia following peripheral injury
Immunohistochemical studies have shown that PKG-I is widely expressed in various regions along the somatosensory pain pathways, including DRG, spinal cord, and several regions in the brain. 12, 45, 46 So far, regarding the role of PKG-I in pain modulation, pharmacological inhibitors of PKG-I, diverse cGMP analogs, as well as global deletion mutants of PKG-I have yielded ambiguous results and have failed to clarify the locus of PKG-I action. 15, 18, [47] [48] [49] [50] [51] [52] For example, pharmacological studies have suggested that PKG-I contributes to spinal hyperalgesia. Delivery of PKG inhibitors reduces formalin-induced nociceptive behavior and abrogates thermal hyperalgesia induced by injection of the NO donors. 18 Paradoxically, however, the cGMP-PKG-I pathway has also been implicated in inhibition of sensitization via activation of diverse K þ channels and in mediating hypoalgesia caused by drugs, such as Gabapentin. 49, 52, 53 Whereas some electrophysiological studies ascribed a role for PKG-I in long-term hyperexcitability in sensory neurons in Aplysia 14 and rodents, 15 others reported lack of effects or even depressive functions for PKG-I on cultured sensory neurons. 50 Dosedependent reciprocal modulation of pain-associated behaviors by cGMP analogs has also been reported. 47 The most plausible explanation for these contradictory findings is the serious lack of specificity of commonly used pharmacological modulators of the cGMP-PKG pathway; for example, KT5823, which was used a ''specific'' PKG-I inhibitor in several studies, has been shown to block several other kinases and only unreliably block PKG-I in a context-dependent manner. 54, 55 Furthermore, a recent study which systematically elucidated the selectivity and cross-reactivity of commonly used cyclic nucleotide analogs has revealed that most cAMP and cGMP analogs have multiple molecular targets and that conventional PKG-I inhibitors cross-react with the cAMP system by profoundly affecting activity of diverse phosphodiesterase. 56 Mice genetically engineered to constitutively lack PKG-I show reduced nociceptive behaviors evoked by injection of irritants like formalin, suggesting that PKG-I plays a pro-nociceptive role in sensory processing. 18 However, an unambiguous interpretation of these results is occluded by the multiple developmental deficits in sensorimotor circuits 18, 57 and other organs as well as early post-natal lethality, observed in these mutants. 10, 58 In the present study, using viable, developmentally normal transgenic mice lacking the PKG-I specifically in primary afferent nociceptors with preserved expression in spinal neurons, brain, and all other organs, we show here that PKG-I localized in primary afferent nociceptors constitutes a key mediator of pain hypersensitivity in sub-acute and chronic inflammatory pain states. We took intraplantar formalin model to test the role of PKG-I in nociceptors in the development of spontaneous pain behavior. Following intraplantar formalin injection, biphasic spontaneous pain responses were greatly reduced by the deletion of PKG-I in nociceptors. This inhibitory effect in SNS-PKG-I À/À mice is comparable to that produced in global PKG-I knockout mice, 18 suggesting that a large component of spontaneous nociception is mediated by PKG-I expression in primary afferent nociceptors. To explore the contribution of PKG-I in nociceptors in the development of hyperalgesia and allodynia, we utilized two models in which lower thigh injection of capsaicin or intramuscular injection of acidic saline produces dramatic hyperalgesia and allodynia in the hindpaws of mice. We found that the extent of hyperalgesia and allodynia in either pain model was much lowered in SNS-PKG-I À/À mice in comparison with their littermate controls. In support of this result, our recent study demonstrated that SNS-PKG-I À/À mice showed a much loss of spinal long-term potentiation, which is assumed to serve as a cellular and molecular mechanism for pain hypersensitivity caused by injury or inflammation. 19 In striking contrast, PKG-I is not required in the basal nociception. We infer therefore that the main function of PKG-I in primary sensory neurons is to amplify nociceptive signals into the CNS when nociceptors are persistently activated in pathological states.
PKG-I localized in nociceptors modulates nociceptive neuronal activity along the somatosensory pain pathways after injury or inflammation
Numerous studies have consistently shown that injury or inflammation produces increased neuronal excitability in the regions that are involved in the processing of painful information from the periphery to CNS. 1, 2, 59, 60 However, the mechanism underlying this neuronal plasticity is not well understood. Several lines of evidence have suggested that c-Fos and pERK1/2 may be useful as a sensitive marker of the neuronal activation and plasticity following noxious stimuli. [20] [21] [22] 23 In the present study, we systemically demonstrated that populated neurons along the somatosensory pain pathways exhibited increased activity after various peripheral irritants challenge, displaying as an up-regulation of c-Fos and pERK1/2 in various regions from DRG to cerebral cortex. More importantly, this increased nociceptive neuronal activity along the somatosensory pain pathways is dependent upon activation of PKG-I localized in nociceptors.
PKG-I activation in nociceptors is involved in the neuronal plasticity in DRG and spinal cord in pathological states. Previous electrophysiological studies by use of inhibitors of cGMP-PKG pathway have demonstrated that peripheral PKG-I contributes to DRG neuronal hyperexcitability caused by peripheral injury. [13] [14] [15] [16] Since PKG-I is also expressed in Schwann cells in the DRG, 17 the use of pharmacological agents above cannot fully dissect the PKG-I contribution expressed in primary nociceptive neurons in DRG neuronal hyperexcitability. To this end, we in the present study utilized PKG-I mutant mice specifically in nociceptors to clarify the functional relevance of PKG-I in injury-related neuronal hyperexcitability. Following hindlimb irritants challenge with formalin, capsaicin, or acidic saline, a dramatic increase of c-Fos and pERK1/2 induction was seen in the DRG and spinal dorsal horn, especially in lamina I and II, and lamina V and VI of the dorsal horn, indicating an increased neuronal activity of the DRG and spinal dorsal horn after peripheral irritants challenge. Deletion of PKG-I in nociceptors eliminated this c-Fos and pERK1/2 induction, indicating a key role of PKG-I in nociceptive primary sensory neurons on the increased neuronal activity of DRG and spinal dorsal horn caused by peripheral injury.
PKG-I activation in nociceptors is involved in the increased cortical neuronal activity along the somatosensory pain pathways in pathological states. The spinal dorsal horn neurons receive major projections from nociceptive DRG neurons and ascend incoming pain signals to the cortex via several ascending pathways so that pain is ultimately perceived in its multiple dimensions. For instance, the lateral spinothalamic tract projects multimodal sensory inputs from spinal dorsal horn to the lateral thalamus, which in turn send sensory signals to the somatosensory cortex; this pathway has been implicated in processing sensory and discriminative aspects of pain. By contrast, the medial spinothalamic tract and the spinoparabrachial as well as spinomesencephalic tract project nociceptive signals to the medial thalamus, which send sensory signals further to widespread for brain regions such as ACC, PFC, amygdala, and insula; this pathway are believed to mediate the emotional and aversive components of pain. 4, 61 The present study systemically demonstrated that peripheral noxious stimuli (e.g., lower thigh injection of capsaicin or intramuscular injection of acidic saline) caused an increase in neuronal activity along the spinothalamic tract, manifesting as dramatic c-Fos expression in various regions including spinal dorsal horn, ventral posterolateral nucleus of thalamus, and topographic hindlimb regions of S1HL. More importantly, this increase of c-Fos expression along the spinothalamic tract is greatly reduced by the deletion of PKG-I in nociceptors, suggesting that the increased cortical neuronal activity involved in the sensory-discriminative components of pain is dependent on PKG-I activation in primary nociceptors.
An increasing body of evidence from anatomical, neurochemical, electrophysiological, and behavioral studies strongly supports the concept of ACC, PFC, amygdala, and insula as important players in the emotional-affective dimension of pain. 59, 62 Consistent with this, we demonstrated that Fos-positive cells were also observed in several limbic brain areas, such as ACC, PFC, amygdala, and insula after peripheral irritants challenge, in addition to the regions directly linked to processing sensory and discriminative information of pain. More importantly, c-Fos upregulation in limbic brain areas is dependent on PKG-I activation in primary nociceptors as well, suggesting a pivotal role of PKG-I localized in nociceptors in modulation of increased neuronal activity in the cortical areas involved in the aversive component of pain.
Conclusions
In summary, our results show that PKG-I expressed in nociceptors is not only a key determinant of DRG hyperexcitability and spinal potentiation but also an important modulator of increased cortical neuronal activity observed in pathological pain states. This study presents a strong basis for the PKG-I as a new class of targets in the periphery for pain therapeutics.
